At the few-atom-thick limit, transition metal dichalcogenides (TMDs) exhibit a host of attractive electronic, optical, and structural properties 1,2 . The possibility to pattern these properties has a great impact on applied 3, 4, 5, 6 and fundamental research 7, 8, 9 . Here, we demonstrate spatial control over the light emission, lattice deformation, and hydrogen storage in bulk TMDs. By low-energy proton irradiation, we create uniquely favorable conditions for the production and accumulation of molecular hydrogen just one or few monolayers beneath the crystal basal plane of bulk WS 2 , WSe 2 , WTe 2 , MoSe 2 , and MoS 2 samples. H 2 therein produced coalesces to form bubbles, which lead to the localized swelling of one X-M-X plane prevalently. This results eventually in the creation of atomically thin domes filled with molecular hydrogen at 10 atm. The domes emit light strongly well above room temperature and can store H 2 indefinitely. They can be produced with the desired density, well-ordered positions, and size tunable from the nanometer to the 2 micrometer scale, thus providing a template for the manageable and durable mechanical and electronic structuring of two-dimensional materials.
The samples, obtained by mechanical exfoliation and deposited on Si substrates, were irradiated with hydrogen. The top-right inset of Fig. 1a displays the optical microscope image of a bulk WS 2 sample having 0.3 mm 2 area after irradiation with an impinging reference H + dose equal to d H =d 0 . Unexpectedly for indirect-gap bulk WS 2 , the sample exhibits strong photoluminescence (PL) in the red wavelength region (~690 nm), as displayed in the main part of Fig. 1a . The bottom-left inset shows that the luminescence originates from circular spots with diameters varying between less than one to several ms. The existence of the emitting regions shown in panel a is accompanied by the appearance of round-shaped features protruding from the irradiated sample surface, as evidenced by the atomic force microscopy (AFM) image in Fig. 1b .
These features, hereafter referred to as domes, have average footprint diameter d= (1.430.12) m and maximal height h m =(0.230.02) m with virtually perfect spherical shape. The average dome size can be controlled by the irradiated proton dose as illustrated in panel c, where d H =0.12×d 0 gives rise to nanometer-sized structures with average d=(16440) nm and h m =(25.65.6) nm. Fig. 1d shows an AFM image encompassing just three domes formed on a WS 2 sample analogous to that shown in panel c. The corresponding room temperature (RT) micro-PL (-PL) intensity map detected at  det =689 nm, and displayed in panel e, demonstrates the perfect match between the domes and the light-emitting spots. The spectral composition of the light produced by one dome (singled out from the ensemble of panel a) is provided by the -PL spectrum of Fig. 1f . The luminescence of an untreated WS 2 ML measured under the same excitation/collection conditions is shown for comparison. The energy of the PL peak (corresponding to the free exciton recombination) of the WS 2 dome is 200 meV lower than that of the ML because of the biaxial strain exerting on the dome spherical surface 15, 16 , as we will detail next. In addition, the PL intensity of the dome is greater than that of the WS 2 ML (this is systematically observed for dome diameters 1 m) and no additional linewidth broadening is observed when many such domes are measured all together, as demonstrated by the PL spectrum shown in the inset of panel f.
These findings demonstrate that indirect-gap bulk WS 2 can be turned into an efficient light emitter with no size restrictions, like those affecting typically exfoliated flakes or samples grown by chemical vapor deposition. We point out that the one reported is a general phenomenon independent of the specific MX 2 composition (similar findings were observed in H + -treated MoSe 2 , MoS 2 , WSe 2 and WTe 2 and is exclusively induced by the interaction of the material with protons. No effect was found in samples exposed to molecular hydrogen or ionized helium atoms. Fig. 1c illustrate that the domes bulge suddenly (within 10 mK) at 6 around 30 K. The transition temperature depends slightly on the dome considered, as shown by the histogram and the corresponding cumulative function in the main part of Fig. 1c , where each bin reports the number of domes that swell out at a specific T. More than 120 WS 2 domes were studied with an average transition temperature equal to (32.23.6) K. This number is close to the critical temperature of H 2 (33.18 K) and points indeed to the presence of molecular hydrogen inside the domes: When T is sufficiently low/high, H 2 liquefies/boils and the domes deflate/inflate always at the same sample position regardless of the temperature arrow (the dome optical properties parallel the temperature evolution of the dome morphology, not shown). Of course, further studies are needed to understand the exact mechanism leading to the H 2 formation and the role played by the crystal composition. Nevertheless, we can hypothesize that, during irradiation, accelerated protons penetrate through the top MX 2 basal plane ( Fig. 2d top) , becoming confined in between two X-M-X layers. Therein, triggered by the catalytic activity of TMDs 4,12,13 , H 2 forms according to the 2H + +2e -→ H 2 reaction, with electrons ebeing supplied from the ground contact ( Fig. 2d middle) . The subsequent build-up of H 2 molecules, stored just beneath the top surface, leads to the local blistering of one or few X-M-X planes and eventually to the formation of the domes (Fig. 2d bottom) . The above scenario is indeed supported by preceding studies, which showed that thermal protons do not diffuse through X-M-X planes, thus favoring H 2 storage 19, 20 . According to the H 2 phase diagram 21 and to the average liquid-vapor transition temperature of 32.2 K (see Fig. 2c ), we estimate the internal pressure to be about 10 atm. Thus, the colored look sported by the large domes in Fig. 2a can be ascribed to Newton's rings caused by the interference of the light reflected inside the H 2 -filled spherical volume 22 . The high radiative efficiency of the domes suggests that they are one X-M-X plane thick. The inset of Fig. 3a shows the AFM image of a MoSe 2 dome after focusing a 4 kW/cm 2 laser beam onto it for 10 s. The ensuing increase of the H 2 gas temperature led to the expansion of the bubble and hence to its explosion. The crater formed in place of the dome footprint has a depth close to that of a single Se-Mo-Se plane (0.7 nm) and the patches (making up the dome before its explosion) have also the same thickness. This observation is confirmed by the -PL measurements presented in the main part of Fig. 3a showing the spectrum of the dome before and after its explosion. In the latter case, the -PL data nearly overlap those of a reference MoSe 2 ML flake. In addition, Fig. 3b illustrates that the light generated by the exciton recombination in a single WS 2 dome is circularly dichroic, with a degree of circular polarization DCP>50% at 130 K. As a matter of fact, this is an intrinsic property of the hexagonal symmetry of the first Brillouin zone of mono-layered TMDs 23 . Although this is the case encountered more often, the formation of two-layer thick domes can be also observed. In this case, the dome radiative efficiency is likely enhanced by the built-in tensile strain 24 .
As noted earlier and shown in Fig. 3a , the PL peak energy of the domes is about 200 meV lower than that of the corresponding material in the ML form (see also Fig. 1d ). This is ascribable to the presence of a biaxial tensile strain acting on the "shell" of the dome, with
where f depends on the material's Poisson ratio v and
is the dome footprint radius 15 . By a statistical analysis of the AFM data collected over >300 domes, we find that  varies from 2.4% in MoSe 2 to 1.1% in WTe 2 (see Fig. 3c ), these differences being due to the different material's elastic properties. To assess the applicative prospects of the domes, we first emphasize the robustness of their mechanical and optical properties. Indeed, the domes remain intact up to 510 K at least and, 13 months later as treated as treated 13 months later opposite to MLs, they exhibit strong and thermally stable light emission above RT, as shown in Fig. 4a . Importantly, the mechanical (and consequently the electronic and optical) properties of these nano/micro-structures remain unchanged with time as illustrated by the AFM images in Figs. 4b and 4c and by the corresponding height profiles in panel d. The dome shape is unvaried after >1 year interval, proving the possibility to store hydrogen indefinitely with large areal density over unlimited surface regions of bulk TMDs. These results contrast with findings in graphene 25 and MoS 2 17 , where the membranes could remain inflated only for a limited period because of gas diffusion through the foreign substrates on which the membranes were laid down or through the imperfect membrane seals. This is not the case of our H 2 -containing structures,
where hydrogen diffusion through the TMD bulk/layers is strongly inhibited 19 . Furthermore, MX 2 domes are stand-alone and can be easily handled thanks to the parent substrate on which they form without the necessity of specially designed devices and substrates 15,16 that may limit the manageability of the inflated structure. On the contrary, durable bubbles may form owing to the accidental incorporation of contaminant gases between monolayers and their supporting substrates, but the bubbles so formed lack spatial ordering 26 . Instead, many practical uses of these structures would require that their size, density and position could be precisely controlled.
To achieve this on TMD samples, we deposited H-opaque masks everywhere but on circular openings (with diameter D=1, 3, and 5 m) defined by electron-beam lithography. The samples were then proton-irradiated (d H =0.5×d 0 ) and the H-opaque mask removed. Fig. 5a displays the AFM image of a WS 2 sample subjected to this process, which results in the fabrication of neatly arranged single domes with average d= (1.860.14) m and h m =(0.130.02) m. The PL signal emitted by the array is shown in Fig. 5b , where on the bottom-left part a -PL mapping (recorded at the exciton emission energy 1.8 eV) is overlapped to the PL imaging. The dome dimensions can also be engineered by varying the opening size. In fact, Fig. 5c shows the AFM image of an array of domes fabricated employing a mask with D=1 m and irradiated during the same process of the array with D=3 m in panel a. In this case, we find d=(0.580.03) m and h m =(0.0470.004) m. Fig. 5d shows the aspect ratio (h m /R) of the domes versus (R -<R>)/<R>, namely the percentage deviation of each dome footprint radius from its average value <R>. The data are grouped into randomly-formed and ordered dome subsets obtained during the same proton irradiation process.
Two aspects are noteworthy. First, the ratio h m /R=0.16 for WS 2 is independent of the dome volume and it is the same in all structures independently of their spatial ordering. This ultimately results from the balance between the dome internal pressure and the elastic properties of its shell 26 is observed in the domes formed using the lithographic approach. Furthermore, the size distribution gets even narrower with decreasing the dome size, a feature certainly deserving further studies. Finally, in the ordered arrays, the average dome volume scales with the surface area (0.25D 2 ) available to the 2H + +2e -→ H 2 reaction that supports the dome formation as a catalysis-driven process. m obtained under the same proton-irradiation process as in (a). The same aspect ratio (10:1) between horizontal and vertical scale is applied to this and panel (a) image. d, Dependence of the ratio between maximal height h m and footprint radius R of the domes vs. the normalized deviation of the dome footprint radius from the pertinent average value <R>, which is shown in the top-right inset. The domes are grouped into different subsets depending on their random or ordered formation (see the optical image inset). This plot allows appreciating the much narrower size distribution of ordered domes with respect to random ones.
To conclude, we point out that controlling the dome position and size over large areas is valuable in many other situations. Indeed, the high flexibility featured by the dome fabrication method prompts a means to engineer, via strain fields, pseudo-magnetic field superlattices in TMD MLs and thus to create the conditions for the generation of dissipation-less electrical currents 7, 8, 9, 18 .
Furthermore, the domes themselves can be employed as a template to modulate the curvature
